28. Kuehl RA Jr, Oien HG, Ham EA: Prostaglandins and prostaglandin synthetase inhibitors; actions on cell function. In Prostaglandin Synthetase Inhibitors, edited by HJ Robinson, JR Vane. New York, Raven Press, 1974, pp 53-65 29. Kalsner S: Responses to and termination of action of prostaglandins in vascular tissue of the rabbit. Can J Physiol Pharmacol 52: 1020-1025, 1974 30. Barnes LD, Hui YSF, Dousa TP-Interaction of ethacrynic acid and cysteine with renal medullary adenylatc cyclaie. Life Sci 16: 255-262, 1975 31. FerrendelliJA, Johnson EM Jr, Chang MM, Needlcman P Inhibition of brain adenylatc cyclase by ethacrynic acid and dithiobisnitrobenzoic acid. Biochem Pharmacol 22: 3136-3139, 1973 32. Paulsrudy JR, Miller DN: Inhibition of 15-OH prostaglandin dehydrogenasc by several diuretic drugs (abstr) Fed Proc 33: 590, 1974 33. Friedman M The Chemistry and Biochemistry of the Sulfhydryl Group in Amino Acidj, Pepttdes and Proteins. New York, Pcrgamon Press, 1973 34. Eliasson R, Brzdekiewicz Z: Tachyphylactic response of the isolated rat uterus to prostaglandins. F Pharmacol Res Cpmmun 1: 397-402, 1969 35 Eliasson R, Brzdekiewicz Z' Tachyphylactic response of the isolated rat uterus to prostaglandin A Pharmacol ResCommun 1: 391-396, 1969.
SUMMARY Right atria were excised from the hearts of 20 young dogs (15 ± 5 weeks old) and maintained in vitro in order to perform microelectrode impalements. The atria contracted spontaneously for at least 6 hours at a stable rate of 127/min when they were perfused with Krebs-Ringer bicarbonate solution through the sinus node artery. Cells within a small area near the sinus node artery and between tbe superior vena cara and right atrium consistently yielded transmembrane potentials typical of pacemaker cells. This area was verified bistologically to be the midportion of the sinus node.
Electrical characteristics of these sinus node pacemaker cells were: maximum diastolic potential, -56 ± 7 mV (mean ± 1 SD); action potential amplitude, 56 ± 8 nrV; overshoot, 0 ± 2 mV. Smooth transitions from phase 4 to phase 0 were always present. From these experiments we conclude that the excised perfused canine right atrium provides a useful new experimental cardiac preparation because it maintains stable spontaneous activity for many hours in vitro and the sinus node within it is readily accessible for study by intracellular microelectrodes.
MUCH OF OUR knowledge about initiation and conduction of the excitatory impulse through the right atrial and ventricular conduction systems has been obtained from electrophysiological studies on mammalian hearts. Epicardial electrograms have been used to define the pattern of conduction, 1 " 4 and observations with intracellular microelectrodes have elucidated the electrical behavior of single cells (see Hoffman and Cranefield 5 for review). The different anatomical components of the conducting system (sinus node, internodal pathways, atrioventricular node, and His-Purkinje system) (see James' and James and SherF for review) have been identified histologically in both human and canine hearts and found to correspond topologically with electrophysiological observations. Because the electrical and morphological properties of the canine heart have been particularly well established and found essentially similar to those of man, its usefulness as an experimental analog of the human heart is amply justified.
Studies of spontaneous electrical activity in cardiac tissue with intracellular microelectrodes have taken two general directions. The first has focused on cells of the sinus node region which are responsible for genesis of the normal cardiac rhythm, while the second has involved cells elsewhere in the heart which may under abnormal conditions become sites of spontaneous activity. The latter approach has been utilized extensively in the canine heart. Although many studies of the sinus node have been carried out in lapine, feline, and lower vertebrate hearts, we have found no definitive account of electrical activity recorded from individual cells of the canine sinus node. All our current understanding of normal spontaneous impulse initiation by cells within the canine heart has evolved by inference and implication from studies on cells outside the sinus node. The present investigation was undertaken to provide more detailed information about transmembrane voltage properties of automatically discharging cells in the canine sinus node.
Methods
Twenty mongrel dogs weighing 2-8 kg (15 ± 5 weeks old) were anesthetized with pentobarbital sodium (30 mg/kg, iv) and the heart was exposed through a right intercostal thoracotomy. The right coronary artery was dissected free near the origin of its sinus node branch and ligatcd distal to this point, as were all side branches except the sinus node artery. A catheter was introduced into the proximal right coronary artery, inserted toward the sinus node branch, and tied in place after anticoagulation with sodium heparin (1,000 units, iv). The heart with at least 1 cm of each vena cava attached was then removed and placed in Ringer's solution at room temperature. The lower two-thirds of both ventricles were quickly cut off and the right atrium was opened by an incision extending from the anterior junction of the right ventricular free wall and ventricular septum, upward through the tricuspid valve, the anteromedial wall of the right atrial appendage, and finally up along the superior vena cava to its cut end. With the left atrium still intact, the tissue was placed into a dish containing Krebs-Ringer bicarbonate solution at room temperature. This solution contained (in millimoles per liter) K + , 4.2; Na + , 145; Ca 1+ , 1.3; Mg 1+ , 1.2; Cl", 124; SO 4 2-, 1.2; H,PO r , 2.4; HCO,-, 25; glucose, 5.6. When a mixture of 95% O, and 5% CO, was dispersed through the solution, its pH was 7.4 and Po, was at least 500 mm Hg. The right atrium was then freed of adherent tissue and trimmed to a pattern illustrated by the drawing in Figure 1 .
The Krebs-Ringer solution circulated through a warming bath and was delivered to the catheterized artery by an electrically driven pump at a constant flow rate of 3-8 ml/min. A thermistor probe applied to the epicardial surface indicated the tissue temperature, which was maintained at 36 ± 1°C.
The right atrium thus perfused via its principal nutrient artery' was placed in a Plexiglas chamber with a wax floor to which it was secured with pins about the periphery. In five experiments catheterization was briefly delayed until the trimmed specimen was placed in the Plexiglas chamber; no adverse effects on tissue viability were noted. After the perfusate passed through the sinus node artery, it drained via Thebesian veins into the chamber and accumulated to superfuse the tissue while also being pumped back to the reservoir for recirculation.
Conventional microelectrode techniques were used to record transmembrane potentials. Pyrex glass tubing (2-mm outside diameter) was heated and drawn to a tip having an outside diameter of less than 0.5 ^m; these electrodes yielded a direct current (dc) resistance of 10-50 megohms and tip potential less of than 5 mV after being filled with 2.5 M KC1 by the technique of Tasaki et al. ' The electrodes were suspended on the end of a spiraled silver wire (24-gauge) which established the contact between the microelectrode and a microelectrode preamplifier. This method of mounting the electrode provided rigidity sufficient to pierce the epicardium and enough flexibility to accommodate tissue movement. When only one cell was to be impaled, a W-P Instruments M701 preamplifier was used. To record from two cells simultaneously, we used a high impedance preamplifier with capacity neutralization which can accept up to four microelectrode inputs; this instrument was constructed in our Cardiovascular Electronics Laboratory by Andrew Spear. Its output was multiplexed for four-trace display into a single channel of a two-channel vertical amplifier (Hewlett-Packard 1806A). The second channel was used to display the epicardial surface potential recorded between two bare silver wires which were 2.5 mm in length and 1 mm apart. The bathing solution made contact with a silver wire (30-gauge) coil which was grounded and served as the reference for all potential measurements. A rectangular calibration pulse of +50 mV applied between the coil and ground was used for capacity neutralization. Both silver electrodes were chlorided in 2.5 M KC1 and then placed in
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FIGURE I These transmembrane voltage recordings, photographed as they appeared on the oscilloscope graticule, were obtained during spontaneous sinus node activity. Lettered lines and dots designate the sites of impalements in the preparation drawn in the center. A, central sinus node; B, margin of sinus node; C, sinus intercavarum; D, vicinity of crista terminalis (posterior internodal pathway, recorded from endocardial impalement); E, right atrial wall between trabeculae; and F, trabecula of right atrial appendage.
Eastman photographic developer for 4 minutes to reduce the silver chloride coating to silver.' Because the excised, perfused right atrium contracted vigorously, some recordings of transmembrane potential were distorted by mechanical displacement of the microelectrode. The objective of this study, however, was to obtain action potentials from cells under conditions as similar as possible to those of a normal heart in situ. Recordings were considered acceptable only when the following criteria were met: (1) at least three consecutive action potentials from a single cell were identical; and (2) after withdrawal from the cell the microelectrode tip resistance and potential were the same as before impalement. A storage oscilloscope (Hewlett-Packard 181 A) was used to display transmembrane voltages and retain this display for photography with a Polaroid camera (Hewlett-Packard 197A).
FIGURE 2 Both of these panels illustrate simultaneous recordings from two different microelectrodes (two upper traces) and one close bipolar electrode (bottom traces). In panel A the upper trace is from a pacemaker cell within the sinus node, the middle trace is from an ordinary atrial cell within the sinus intercavarum about 15 mm from the sinus node, and the bottom trace is from a point on the free atrial wall near the origin of the sinus node artery. In panel B the upper trace is from a latent pacemaker cell al the periphery of the sinus node, the middle trace is from an ordinary atrial cell in the sinus intercavarum about 13 mm from the sinus node, and the
To identify the specific tissue from which pacemaker action potentials were obtained, four right atria were fixed in 10% formalin immediately after microelectrode recordings had been obtained. The outer margins of the sinus node, as determined electrophysiologically, were marked with sutures and a rectangular section (5x9 mm) containing this region was removed and embedded in paraffin for histological study. Serial sections 6 ^m thick were made transverse to the axis of the sinus node artery. Every 10th section was mounted on a glass microslide and treated with Goldner trichrome stain for examination with the light microscope.
Results

ARTERIAL PERFUSION OF EXCISED RIGHT ATRIA
Normal spontaneous contractions in the right atria were sustained for at least 6 hours only when the atria were satisfactorily perfused via the sinus node artery. Spontaneous sinus node pacemaker activity was irreversibly diminished or lost if flow through the sinus node artery was not provided continuously. Likewise, it was necessary to ligate major arterial branches which had been transected to avoid a similar rapid decline in atrial activity. During the first hour of perfusion, sinus rate increased from 120 ± 29 (mean ± 1 SD)to 127 ± 25 beats/min. When perfusion was carried out 0.5 mm 
The general outline of the node is indicated with black arrows, and the magnification indicated in C applies to A and B as well. Holes in the substance of the sinus node in A may represent damage from the impaling microelectrode but we presently have no proof of this.
at relatively high flow rates (6-8 ml/min), visible local edema often appeared. However, even when marked swelling of the tissue occurred, vigorous contractions were maintained for at least 4 hours and sinus node electrical activity continued at the same rate for at least 6 hours. For this reason, intracellular recordings obtained from the sinus node during the first 5 hours of perfusion were considered acceptable.
ACTION POTENTIALS FROM THE EPICARDIAL SURFACES
In all atria the microelectrodes readily penetrated the epicardial surface to impale underlying cells. In preliminary attempts, we had been able to penetrate the epicardium over the sinus node from hearts of adult dogs only infrequently. The vigorous contractions of the tissue made sustained impalement difficult. Although a dangling microelectrode such as that of Woodbury and Brady. 10 might have made prolonged impalement possible, we found that it lacked sufficient rigidity to force its tip through the epicardium. We did not use pharmacological agents to reduce the vigor of contractions because of the unavoidable associated electrophysiological effects of virtually all such agents.
The technique was used readily to register transmembrane action potentials from atrial cells outside the sinus node. However, in the sinus node, presumably because of the
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smaller size of its predominant cells, 7 the microelectrode more often was dislodged by atrial contractions before a reliable recording was obtained. For this reason multiple attempts at impalement were required for most preparations to get good records from cells of the sinus node. Characteristic action potentials of various different cells impaled through the epicardial surface are shown in Figure  I . An action potential from a "plateau" cell" near the endocardial surface also is included. These recordings are typical of normal myocardial cells and reflect the intact functional status of this in vitro preparation.
The records in Figure 2 were obtained to demonstrate the fact that the cells which had transmembrane voltage characteristics of pacemaker cells did indeed depolarize before other cells in the right atrium. Temporal relationships are more easily estimated in Figure 2B because the onset of rapid depolarization in the latent pacemaker cell can be FIGURE 5 At higher magnification these two photomicrographs from the anterior margin of the sinus node illustrate and compare the two principal component cells of the sinus node: The transitional cells (T) which are slender and elongated may serve as distributors of the sinus impulse, and the P cells (P) are thought to be the actual site of impulse formation.'-' The section in A is closer to the anterior edge of the sinus node than is B, and the relative frequency ofP cells is greater in B. Magnification indicated in B is the same in A.
seen. In Figure 2A , on the other hand, the recording from a true pacemaker cell does not reveal the precise moment of impulse initiation. The temporal spread of depolarization was as expected (for example, rapid conduction to the right atrial appendage); conduction times in these excised atria were therefore comparable to values from numerous measurements reported for in vivo preparations.
IDENTIFICATION OF THE SINUS NODE
Attempts to impale cells of the sinus node from the endocardial surface proved unsatisfactory because the microelectrode could not be driven deep enough into the tissue to reach the sinus node without breaking the electrode tip. From the epicardium, on the other hand, action potentials of pacemaker cells of the sinus node were readily recorded just after penetration of the overlying epicardial tissue. This difference is exactly what one would anticipate considering the normal anatomy of either the canine or human sinus node.'-7 "• " The region of the sinus node appeared grossly no different from adjacent myocardium except for a few cases in which it was slightly more opaque. The best landmark for localizing the sinus node is the sinus node artery as it courses along the atriocaval junction.' However, the precise location of cells yielding true pacemaker potentials was slightly variable. These cells could best be located by probing an area in the sulcus terminalis between the sinus node artery and superior vena cava; a major branch of the sinus node artery courses toward the superior vena cava at this point. The epicardial projection of the sinus node of the young canine heart determined by this method was estimated to be 2 mm wide and 5 mm in length and centrally traversed by the sinus node artery. Thus, although much smaller than the adult sinus node, 14 it occupies the same relative position.
Tissue which appeared electrophysiologically to be the sinus node was examined with the light microscope. In all serial sections the sinus node artery was present and the central parts of these sections clearly were comprised primarily of cells which have been described as characteristic of the canine sinus node.*' '• 12 
TRANSMEMBRANE POTENTIAL OF AUTOMATIC CELLS IN THE SINUS NODE
One characteristic of the sinus node which distinguishes it from other cardiac tissue is the wide variation among transmembrane voltage recordings obtained within this small region. The range of maximum diastolic potentials observed in these automatic cells was -48 to -71 mV with a mean of -56 ± 7 mV. Action potential characteristics were equally variable with amplitudes ranging from 44 to 69 mV (mean = 56 ± 8 mV). However, the overshoot during reversal of membrane potential was notably consistent with a mean of 0 ± 2 mV (range = +2 to -4 mV). Cells showing more abrupt transitions between phase 4 and phase 0 (latent pacemakers) were located at the periphery of the sinus node. As impalements progressed toward the center of the nodal region, the transitions between phase 4 and phase 0 became less distinct. Typical recordings from the central portion of the sinus node (see Fig. 4 ) are shown in Figure 6 .
Discussion
The transmembrane potentials we have recorded from cells of the canine sinus node are similar to those reported by others for analogous cells in the rabbit 14 and cat." On the other hand, they are quite different from one published record of a "dog sinus fiber,"" which more closely resembles records we obtained from cells outside of the sinus node. The interface between sinus node and extranodal atrium in our preparation was sharply delineated electrophysiologically and this identity was anatomically confirmed upon examination of histological preparations.
To sustain regular spontaneous activity, the sinus node required the continuing flow of physiological solution through the sinus node artery. The assessment of adequacy of perfusion was judged by maintenance of coordinated mechanical activity at a stable normal rate. The dependence of the excised right atrium on perfusion through the sinus node artery was demonstrated by observations that failure to ligate the distal right coronary artery, termination of pumping, or simple superfusion alone each resulted in rapid decline of activity within a few minutes and total quiescence within 1 hour.
Care was taken to avoid unnecessary stretch of the atria, but some increase in tension undoubtedly was incurred as the tissue was fixed to the floor of the Plexiglas chamber. Th.is procedure was necessary to expose the entire epicardial surface. Because stretch has been shown to increase the canine sinus rate, 17 this may provide a partial explanation for the difference between the mean heart rate observed in our preparation and the slower rate reported by others. 1 * However, this difference also may be related to an absolute need for the optimal maintenance of adequate perfusion, since in our own preparations the rate would decline when perfusion was not maintained properly. Moreover, the stability of heart rate over a period of several hours, during which various physical accommodations to stretch must have occurred, would suggest that stretch was not a major factor in determining sinus rate in our study.
The excised, perfused canine right atrium is a promising experimental preparation for electrophysiological and pharmacological investigation on the electrical activity of single cells. The fine structure of the specialized conduction system in this tissue has been studied extensively.'-"• ia Thus, the availability of intracellular electrical recordings from canine sinus node will facilitate correlation of thcexact cytological architecture of automatic cells and their anatomical neighbors with the impulse-initiating and -propagating activity of this specialized tissue.
